Sensory transduction in vertebrate photoreceptors and olfactory sensory neurons is mediated by cyclic nucleotide-gated (CNG) channels that conduct monoand divalent cations. Ca2+ entering the cell through CNG channels intimately controls signaling pathways by regulating several key enzymes. Cloned CNG channels from photoreceptors and olfactory sensory neurons profoundly differ in their relative Ca2+ permeability, their blockage by external divalent cations, and the fraction of current carried by Ca*+. In particular, CNG channels from cone photoreceptors conduct significantly more Ca2+ than those from rod photoreceptors. Furthermore, the current through the olfactory CNG channel isentirelycarried byCa*+ at -3 mM extracellular Ca2+. These results suggest that a major function of CNG channels is to provide a pathway for Ca*+ entry.
Introduction
Calcium plays an important role in excitation and adaptation of rod and cone photoreceptors and olfactory sensory neurons (OSNs). The activities of several key enzymes of the signaling pathways are controlled by the intracellular Ca*+ concentration ([Ca*+],). In rod photoreceptors, the lightinduced decrease in [Ca"] , stimulates the synthesis of cGMP by guanylate cyclase (Koch and Stryer, 1988) , shortens the lifetime of active phosphodiesterase (Kawamura and Murakami, 1991; Kawamura, 1993) and reduces the amount of enzymatically active rhodopsin produced by light (Lagnado and Baylor, 1994) . Phototransduction in cones is fundamentally similar to that in rods, and the proteins along the signaling pathway of cones represent isoforms of the respective proteins in rods. However, cones are roughly 30-to lOO-fold less sensitive to light, and the time course of photoresponses is faster in cones than in rods. The mechanisms underlying the difference in light sensitivity are poorly understood and may only partially reside in different catalytic activities of the signaling enzymes (for thorough discussions, see Pugh and Lamb, 1993; . Instead, the differences in speed and magnitude of changes in [Ca"], or in the Ca2' sensitivity of enzyme activity may give rise to different cellular responses in rods and cones ; but see Nakatani and Yau, 1989) . Ca*+ regulation of signaling enzymes has also been reported for the olfactory system. OSNs contain a Caz+/calmodulin-sensitive phosphodiesterase (Borisy et al., 1992) , a Ca*+-regulated phospholipase C (Lo et al., 1993 ) and a Ca2+-dependent adenylate cyclase (Anholt and Rivers, 1990; Choi et al., 1992; Frings, 1993) . Most importantly, Ca'+ activates Cl-channels in the ciliary membrane that carry a large fraction of the receptor current (Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993) . However, the precise role of Ca2+ in shaping the kinetics and sensitivity of the odorant response in OSNs is poorly understood.
[Ca*+li in photoreceptors and OSNs is changed by the activity of cyclic nucleotide-gated (CNG) channels that are permeable to both mono-and divalent cations. CNG channels of vertebrate photoreceptors are open in the dark and close in response to light stimulation. The Ca*+ concentration in the dark is determined by the balance of steady Ca2+ entry through CNG channels and Ca'+ extrusion via the Na+/Ca*+-K+ exchanger. When Ca2+ influx is blocked by closure of CNG channels in light, continued extrusion lowers [Ca2+] ,, which serves as the key signal of light adaptation (reviews in Pugh and Lamb, 1990; Yau, 1991; Kaupp and Koch, 1992; Koch, 1994) . The Caz+ current carried by CNG channels appears to be somewhat larger in cones than in rods (Perry and McNaughton, 1991; and the rate of Ca2+ clearance from the cytosol by the Na+/Ca*+-K+ exchanger is faster (Nakatani and Yau, 1989; Hestrin and Korenbrot, 1990; Perry and McNaughton, 1991) suggesting that Ca2+ homeostasis is different in the two types of photoreceptor cells . The activity of rod CNG channels is modulated by Ca2+/calmodulin, which provides a negative feedback mechanism. Calmodulin at elevated Ca2+ levels promotes the closure of CNG channels by shifting the dose-response curve of channel activation to higher ligand concentrations (Hsu and Molday, 1993) . Whether a similar mechanism exists in cone photoreceptors is unknown. In contrast to photoreceptors, CNG channels in OSNs are closed at rest and open when the cell is stimulated by odorants, leading to an increase in [Ca"], (Restrep0 et al., 1990 (Restrep0 et al., , 1993 . Modulation of CNG channels by Ca2+/calmodulin is much more pronounced in OSNs than in rod photoreceptors Liu et al., 1994) .
While passing through CNG channels, extracellular Ca2+, but also Mg 2+ blocks the current of more permeant , Na+ or K+ in a voltage-dependent fashion (for reviews, see McNaughton, 1990; Zufall et al., 1994) . In rod CNG channels, blockage critically depends on a glutamate residue that forms an intrapore binding site for divalent as well as monovalent cations (Root and MacKinnon, 1993; Eismann et al., 1994; Sesti et al., 1995) . This glutamate residue is conserved in CNG channels from cone photoreceptors and OSNs, but the relation between blockage and permeation has not been systematically studied in either CNG channel. Extracellular Mg*' not only inhibits the Na' cur-I 1-1 Figure 1 . Relative CaZ' and Mg2' Permeability of the Olfactory CNG Channel Current-voltage (I-V,) recordings from an inside-out patch of Xenopus oocytes under bi-ionic conditions. The pipette contained a 100 mM K+-gluconate solution, and the perfusion solution contained either a 100 mM K'-gluconate solution, a 50 mM Caz+-gluconate solution, or a 50 mM Mg2+-gluconate solution.
rent but also limits the amount of Ca'+ entering through photoreceptor CNG channels (Weyand et al., 1994) , a mechanism that might be physiologically important for control of [Ca"],.
Considering that intracellular Ca'+ signals and their role in excitation and adaptation are fundamentally different between rods, cones, and OSNs, we reasoned that Ca*+ permeation and blockage by divalent cations must also be profoundly different among CNG channels. By combining patch-clamp recording and photometric Ca2+ measurements, we have studied the interaction between Caz+ and heterologously expressed CNG channels from bovine rod (brCNGC; Kaupp et al., 1989) and cone (bcCNGC; Weyand et al., 1994) photoreceptors and from bovine OSNs (boCNGC; Ludwig et al., 1990) . Here, we report that CNG channels differ in important features such as the relative Ca2+ permeability, the voltage dependence of the blockage by extracellular Ca2+ and Mg2+, and the fraction of current carried by Ca2+. In particular, this so-called fractional Ca'+ current (designated P,; see Schneggenburger et al., 1993) is much larger in CNG channels from cones and OSNs than from rods. At 3 mM [CaZ+jO, the olfactory CNG channel even carries a pure Ca2+ current and in fact may provide a Ca2+ trigger current for the activation of Clchannels. These differences in Ca" interaction probably represent an evolutionary adjustment to the specific functions that CNG channels and Ca2+ sllbserve in generation and adaptation of the physiological responses.
Results
The interaction of CaZ+ with CNG channels was investigated by measuring relative Ca*+ permeabilities and channel blockage by extracellular divalent cations and by determining the fractional current carried by CaZ+. The effects of extracellular Ca'+ and Mg*' on CNG channels were investigated in outside-out patches of Xenopus oocyte membranes expressing either brCNGC, bcCNGC, or boCNGC. With 150 mM K+ and low CaZ+ on both sides of the patch, the I-V, relations were almost linear, as reported previously (Kaupp et al., 1989; Altenhofen et al., 1991; Weyand et al., 1994) . When the CaZ+ concentration of the solution facing the extracellular side was increased, the I-V, relations became progressively more outwardly rectifying, as inward currents were inhibited more strongly than outward currents ( Figure 2A , upper panels). Thevoltage dependence of Ca2+ blockage was analyzed by plotting the ratio of unblocked currents (l/l,,) measured in the presence of various Ca2+ concentrations (I) and in CaZ+-free solution (Imax) against V, (Figure 2A , lower panels). For positive voltages, current inhibition is characteristicof a positivelychargedchannel blocker, as the blockage becomes more pronounced when V, is made less positive, which facilitates access of the ion to its blocking site in the channel lumen. A simple model of channel blockage (Woodhull, 1973) predicts that, at sufficiently negative V, values, l/l,, should approach zero, because channels become permanently occupied with blocking ions. However, complete blockage of CNG channels was never achieved, and at negative V, values, blockage even became partially relieved ( Figure 2A, of the Woodhull model, these observations can be qualitatively explained by a voltage-dependent dissociation of Ca2+ from its binding site to the cytoplasmic exit of the channel. As the exit rate becomes accelerated at negative voltages, the dwell time of Caz+ at the blocking site decreases, resulting in areduced blocking efficiency. Consequently, the relief of blockage reflects enhanced Ca2+ permeation through CNG channels, an interpretation that will be substantiated below by direct measurements of Ca2+ flux through CNG channels.
Constants of half-maximal current inhibition (K,) were determined by a least-squares fit procedure using a modified Hill equation. Figure 3A shows examples of doseresponse relations for Ca2+ blockage at -70 mV for all three CNG channels. The brCNGC is roughly lo-to 15fold more sensitive to Ca"+ blockage (K, = 6.1 PM; Hill coefficient n = 1 .l) than the bcCNGC (K, = 59.5 PM; n = 1.3) and boCNGC (K, = 92.3 PM; n = 1.1). The dependence of K, on voltage is shown in Figure 38 . By making V, less positive, K, decreased continuously until it reached a minimum (K,,,) at a voltage V, that is characteristic for each CNG channel (K, , , = 3.3 uM [brCNGC] , 24.8 PM [bcCNGC] , and 22.4 FM [boCNGC]). K, increased again when V, became more negative than V,. The voltage dependence of K, at V, > V, was very similar for all CNG channels, suggesting that the blockage is primarily determined by the access of the blocking site with no Ca*+ permeation occurring at these voltages. At V, < V,, relations of K,versusV, becamedivergent. In termsof the Woodhull model (Woodhull, 1973) , the increase of K, at negative V, values indicates that the exit of Ca" from inside the pore is much more enhanced in bcCNGC and boCNGC than in brCNGC. Moreover, V, is more positive for bcCNGC and boCNGC (V, = -17.5 and -15 mV, respectively) than for brCNGC (V, = -38 mV). This result implies that the driving force required to enforce Ca2+ permeation is lower in bcCNGC and boCNGC compared with brCNGC.
The current carried by CNG channels is also blocked byextracellular Mg2+ (Nakamuraand Gold, 1987; Nakatani and Yau, 1988; Root and MacKinnon, 1993; Zufall and Firestein, 1993; Baumann et al., 1994; Eismann et al., 1994; Weyand et al., 1994) . Applying Mg" at various concentrations to the external face of outside-out patches caused channel blockage and rectification of I-V, recordings largely similar to that observed with Ca'+ (see Figure 28 , upper panel). Blockage by Ca*+ and Mg*+ differ, however, in two respects. Mg*+ inhibited the current through all CNG channels less effectively than Ca*+ (compare Figures 38 and 3C), and the relief of blockage at negative voltages is much less pronounced (see Figure  2B , lower panel), indicating that CNG channels are less conductive for Mg2+ than for Ca*+.
Contribution of Ca*+ to the Total Current Carried by CNG Channels Although the permeability ratio of Ca*+ over K+ determined from V,,, and the voltage dependence of Ca2+ blockage reveal a higher permeability of bcCNGC and boCNGC compared with brCNGC, these experiments do not allow us to determine Ca*+ fluxes at physiological driving forces. We therefore measured the relative contribution of Ca" to the total current passing through heterologously expressed CNG channels under physiological conditions. We used whole-cell recordings of the total current (IT) through CNG channels combined with measurements of the Ca*+-induced changes in fluorescence intensity from Fura 2-loaded cells (Fz80) to determine the ratio of Ca" current to the total current (Ica/lr), called fractional Ca*+ current or P,. Several conditions must be fulfilled to obtain a reliable measure of Pt. First, the Ca2+ buffering capacity of Fura 2 must greatly exceed the endogenous Ca2+ buffering capacity of the cell. Second, the Ca*+-induced fluorescence decrement (AFaa) and the time integral of the cGMPinduced current jlTdt (i.e., the amount of charge transported by CNG channels) must be strictly proportional to
Frgure 4. Determination of Ca" Contnbutron to the Current Flowing through CNG Channels (A) Simultaneous recording of fluorescence (-F,,) and whole-cell current (lr) from a HEK 293 cell expressrng the olfactory CNG channel (boCNGC). The fluorescence changes are scaled in bead units (BU; see Experimental Procedures). The membrane voltage was -70 mV, [Cap+] , was 0.3 mM, and 8BrcGMP was at 1 mM. To start the experiment, Mg2+ was removed from the bath medium (double arrow), allowing current to flow through CNG channels The negative current integral (-jhdt; given in picoCoulombs) was superimposed on the fluorescence trace to determine the time segment when both srgnals were proporhonal. The cur- each other (see equation 2 in Experimental Procedures) (Neher and Augustine, 1992; Schneggenburger et al., 1993) . Finally, the relation between Ca*+ entry and the change in F,,, must be known. Figure 4 summarizes experimentsdescribed in Experimental Procedures, whichdemonstrate that these conditions are fulfilled. Figure 4A shows fluorescence and whole-cell current recordings obtained from a HEK 293 cell expressing boCNGC. The cell was loaded with Fura 2 and 1 mM 8-bromo-cGMP (8BrcGMP) to activate CNG channels fully. At the beginning of the experiment, CNG channels were blocked by 10 mM extracellular MgZ+. When Mg2+ was removed from the bath solution ( Figure 4A , double arrow), an inward current IT developed as CNG channels became unblocked, and the concomitant change in FZeo indicated Ca'+ entry. Superimposition of -F380 and -jlrdt in Figure 4A shows that the two signals were proportional only within the time segment indicated by the two vertical lines. This proportionality demonstrates that AFa8,, recorded during the first few seconds after Mg" washout confidently monitors Ca*+ entry through CNG channels, while other Ca2+ conductances or transport processes do not contribute significantly to the fluorescence signal. F380 signals were calibrated using HEK 293 cells transfected with cloned Ca2+ channel subunits from rabbit brain (8111 Ca*+ channel; Fujita et al., 1993) as described in Experimental Procedures (Figures 4B-4D) . Figure 5 shows representative examples of fluorescence and whole-cell current recordings for heterologously expressed brCNGC, bcCNGC, and boCNGC at 0.3 mM [Ca2+10. The current and fluorescence traces (IT and -F3& were chosen to illustrate that the three CNG channel species caused similar current amplitudes but different fluorescence changes. Analysis of recordings (see Experimental Procedures) yielded mean Pt values (f SD) of 0.0025 + 0.0009 (n = 3) for brCNGC, 0.058 k 0.0047 (n = 8) for bcCNGC, and 0.039 + 0.0035 (n = 10) for boCNGC. Thus, at 0.3 mM [Ca2+10, the fractional Ca*+ current is 0.25% in brCNGC, 5.8% in bcCNGC, and 3.9% in boCNGC. These results demonstrate that Ca2+ currents through bcCNGC and boCNGC are roughly 20-fold larger than those through brCNGC.
We next examined the dependence of Pr on [Ca*'], with boCNGC. Figure 6 shows combined fluorescence and whole-cell current recordings obtained in a nominally Ca2+-free solution (containing 1 mM EGTA) and at four different [Ca*+lO. In the absence of extracellular Ca", the Mg2+-sensitive, 8BrcGMP-induced current Ii was maximal (-1.7 nA). As the Ca2+ concentration was increased, the current amplitude became smaller owing to Ca2+ blockage of the current carried by Na' (see Figure 2A) , whereas the amplitude of the fluorescence signal increased steeply. When the [Ca*+], was >0.3 mM, currents through CNG channels were small, and accurate calculations of jlidt have only been possible in cells that expressed CNG channels at a high density. Even in these cells, the currents at 3 mM [Ca*+],, are very small, and the variance of the resulting P, value is accordingly larger. Figure 7 displays results collected from 11 cells that express 8BrcGMP-induced whole-cell currents of >1 nA (in CaZ+-free solution). The P, value increased steeply between 0.5 and 2 mM and approached unity at 3 mM [Ca*+],. Owing to the small currents, the standard deviation of mean P, values is larger at higher Ca2+concentrations. We were unable to measure the Ca*+ dependence of P, for brCNGC and bcCNGC for different reasons. Extracellular Ca"+ blocks brCNGC more efficiently than bcCNGC and boCNGC. In the presence of [Caz+]O of >0.3 mM, currents were therefore too small to obtain reliable Pt values. In bcCNGC, 10 mM Mg2+ was not sufficient to suppress completely BBrcGMP-induced currents at -70 mV and higher [Ca2+10.
Discussion
We have examined the interaction of Ca2+ with three distinct members of the CNG channel family from the same species. The most significant finding of this study is that CNG channels greatly differ in Ca'+ permeability and voltage dependence of Ca2+ blockage. These differences imply profound consequences for cellular Ca2+ homeostasis and probably represent an evolutionary adjustment to the specific ways by which CNG channels and Ca2+ are involved in generating cellular responses in rod and cone photoreceptors and in OSNs. At physiological Ca2+ concentrations, CNG channels can carry substantial Ca*+ currents and may serve as important alternative pathways for Cap+ entry into cells besides voltage-activated Caz+ channels. Finally, this study provides substantial evidence for remarkably similar mechanisms of ion permeation in Ca2+ and CNG channels.
Physiological Implications
The fraction of the dark current carried by Ca2+ in rods and cones has been estimated previously by indirect methods. Ic.&~~ is at most 2-fold larger in cone photoreceptors (21%; Perry and McNaughton, 1991) than in rod photoreceptors (12%-l 9%; Nakatani and Yau, 1988) . These estimates seem to disagree with a 20-fold larger P1 value for bcCNGC compared with brCNGC. However, measures of Ic&~~ obtained from intact photoreceptors cannot be compared directly with the P, values reported here. For technical reasons, we were unable to determine P, above 0.3 mM [Ca2+10 for photoreceptor channels, whereas I& Idark has been obtained at 1 mM [Cap+] ,, but otherwise unphysiological ionicconditions. Notably, IQ was determined with an extracellular Li'solution, and in one study the cell was not voltage-clamped. More importantly, lCJdark was determined on native channels, whereas P, values were measured with heterologously expressed CNG channel a subunits. The native rod CNG channel is composed of two distinct subunits (a and 8; Chen et al., 1993; Kiirschen et al., submitted) . Coexpression of cloned a subunit with the 8 subunit decreases blockage by extracellular Ca'+ and affects the permeability for monovalent ions (Kdrschen et al., submitted), indicating that the 8 subunit is part of a Ca2+-binding site in the channel lumen and lines the aqueous pore. At present, it is not known whether cone CNG channels comprise a similar 8 subunit, and whether 8 subunits would also change Ca2+ permeability. Most recently, relative Ca2+ permeabilities were reported for the native rod and cone CNG channels (Pca/PN, = 2.5 and 8.0, respectively; Picones and Korenbrot, 1995) that are similar to those reported here for the heterologously expressed a subunits (see Table 1 ). This comparison suggests that a putative 8 subunit of the cone CNG channel does not dramatically change the relative ion permeability as measured by V,,,. It will certainly be important for future work also to examine Ca2+ permeation in the hetero-oligomeric rod and cone CNG channels.
For olfactory CNG channels, we were able to determine P, within the range of physiological Ca*+ concentrations. Most significantly, Pr approaches unity at roughly 3 mM [Ca*+],,, i.e., the current is entirely carried by Ca'+. CNG channels only contribute 15%-600/o to the receptor current in isolated OSNs, and up to 85% consists of a CIinward current activated by Ca2+ entering through CNG channels (Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993) . Whether ciliary CNG channels in fact carry a pure Caz+ current depends on the free Ca*+ concentration in the olfactory mucus. Total Ca'+ concentrations up to 8 mM have been determined in the olfactory mucus of frog with spectrophotometric methods (Joshi et al., 1987) , yet the free Ca2+ concentration is unknown. Receptor currents in isolated OSNs have been recorded in physiological saline containing l-4 mM [Ca2+10 (Firestein and Werblin, 1989; Kleene, 1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993; Zufall et al., 1994 , and references therein), and under those experimental conditions, most if not all of the current through olfactory CNG channels is carried by Ca*+. Olfactory CNG channels are also composed of at least two distinct subunits (Bradley et al., 1994; Liman and Buck, 1994) . Therefore, our conclusions are with the proviso that Ca2+ permeation in homo-and heterooligomeric olfactory CNG channels is similar. The conserved glutamate residue in the pore region of one subunit is replaced by an aspartate residue in the second subunit, and the conservative substitution results in only minor changes of Ca 2+ blockage (Bradley et al., 1994) . It still needs to be examined by further experimentation whether permeation is different in hetero-oligomeric channels.
CNG Channels in Other Tissues
The rod, cone, and olfactory CNG channels are also expressed in other tissues (for review, see Eismann et al., 1993; Yau, 1994) and the large Ca2+ permeability of cone and olfactory CNG channels might be of eminent physiological importance. In particular, the cone CNG channel is also expressed in spermatozoa (Weyand et al., 1994) and the synaptic terminal of cone photoreceptors (Rieke and Schwartz, 1994) . In the cone synapse, CNG channels, in addition to voltage-activated Ca*+ channels, control exocytosis of synaptic vesicles, a process that is absent in rod photoreceptor synapses (Rieke and Schwartz, 1994) . Release of neurotransmitter by exocytosis is highly Ca2+ dependent, and CNG channels extend the range of membrane voltages at which this process can operate in the cone synapse. In spermatozoa, the precise function of the cone CNG channel is less clear, but it could be involved in chemotactic behavior or the acrosome reaction (Weyand et al., 1994) . Both processes are tightly controlled by Ca2+, which could enter through CNG channels opened by a rise in the concentration of cyclic nucleotides. At millimolar [Ca2+]0, the cone CNG channel is expected to carry a pure Ca'+ current and may simply serve as a receptorcontrolled Ca2+ channel in these cells. Thus, the primary if not exclusive function of CNG channels in some tissue might be to increase [Ca2'], rather than to change the membrane voltage by conducting Na' or K+, a hypothesis that is consistent with the much lower density of CNG channels in membranes of spermatozoa and the cone photoreceptor synapse compared with olfactory cilia or rod outer segments (Yau and Baylor, 1989; Kurahashi and Kaneko, 1991 , and references therein).
Comparison with Neurotransmitter
Receptors and Ca2+ Channels Fractional Ca*+ currents have been measured in N-methylo-aspartate and AMPAlkainate receptors (Schneggenburger et al., 1993) and in the nicotinic acetylcholine receptor (Trouslard et al., 1993; Zhou and Neher, 1993) . At 2-3 mM [Ca2+lo, only 1.4%-6.80/o of the current through these neurotransmitter receptors is carried by Ca2+. In muscle and neuronal nicotinic acetylcholine receptors, Pr values increase linearly up to 3%-60/o at 5 mM [Ca2+10, with no sign of saturation (Vernino et al., 1994) . Currents carried by monovalent cations are only weakly affected by [Ca"],. In contrast, the fractional Ca*+ current through the olfactory CNG channel increases steeply and reaches unity at millimolar Ca2+ concentrations. Before Pr begins to increase, monovalent current is drastically suppressed by Ca*+ (see Figure 7) . This comparison suggests that Ca'+ permeation in CNG channels and neurotransmitter receptors must be quite distinct. In fact, the mechanism and structural basis for ion selectivity and permeation of CNG channels seem to be much more similar to those of Caz+ channels.
According to a recent model for Ca2' channels (for review, see McCleskey, 1994; Satheret al., 1994) , selectivity would arise from binding of Ca2+ to a high affinity site in the channel lumen formed by glutamate residues. When Ca'+ occupies this site, it effectively obstructs the passage of monovalent cations. Permeation of Ca*+ is greatly enhanced at millimolar [Ca2+],,, as multiple CaZ+ ions compete for the glutamate residues and thereby destabilize the binding site. CNG and Ca2+ channels share several characteristic properties that support this model. First, without Ca*+ present both channel types do not appreciably discriminate between monovalent cations and can carry large Na+ or K+ currents (for reviews, see Sather et al., 1994; Torre and Menini, 1994) . Second, extracellular Ca2+ inhibits the flow of monovalent cations at micromolar concentrations. The inhibition constants are significantly smaller in Ca*+ channels (K, = 1 PM) than in CNG channels (K, = 5-200 FM). Mutagenesis studies suggest that the blocking site is formed by a set of conserved glutamate residues in the pore-forming regions of both Ca2+ and CNG channels Root and MacKinnon, 1993; Yang et al., 1993; Eismann et al., 1994) . Third, at millimolar CaZ+ concentrations, Ca*' channels and at least the olfactory CNG channel can carry a pure Cap+ current. Finally, there is substantial evidence for multi-occupancy of both channels. Anomalous mole fraction behavior has been shown with mixtures of divalent cations in CaZ+ channels (Hess and Tsien, 1984) and with mixtures of monovalent cations in CNG channels (Sesti et al., 1995) . In CNG channels, the blockage of monovalent current at -70 mV by Cap+ can be described by binding of Ca" to a single site (n = 1; see Figure 7 , open circles), whereas the dependence of P, on [Ca2+10 is much steeper than is predicted by a simple binding scheme (n = 2.5; see Figure 7 , closed circles). The [CaZ+10 ranges at which blockage or permeation occurs do not overlap (see Figure 7) . Blockage of K' current is virtually complete before an appreciable Ca2+ flux is observed. We interpret this result to indicate that a single Capi ion first binds and thereby blocks monovalent currents; at higher [Ca2+]0, several Ca2+ ions interact with the intrapore site to achieve a sizeable flux rate.
The concentration at which the transition from single-ion to multi-ion occupancy occurs can be estimated by comparing measured P, values with values predicted from the Goldman-Hodgkin-Katz equation. Independent movement of ions inside a channel is an important premise for the validity of this equation, and deviations are usually interpreted to indicate that multiple ions interact in the aqueous pore (Hille, 1992) . The dotted line in Figure 7 shows the Ca2+ dependence of P, according to equation 8 (see Experimental Procedures), using the relative Ca2' permeability determined under bi-ionic conditions (see Table 1 ). The excellent agreement between measured (0.013 and 0.039 at 0.1 and 0.3 mM Ca", respectively) and calculated (0.014 and 0.039, respectively) Pt values suggests that, at low concentrations, ions move independently of each other through CNG channels. At concentrations of >0.3 mM, however, equation 8 fails to describe the steep increase in Pt adequately, giving further support for a strong interaction of Ca2+ ions in the pore. In conclusion, these striking similarities strengthen the notion that CNG channels are functionally much more akin to Ca2+ channels than to any other channel family.
Previousworkon Ca2+channels hassuggested that Ca*+ selectivity is achieved by binding of Ca*+ to a high affinity site. This hypothesis predicts that the higher the affinity is, Jhe more Ca2+-selective these channels are. Comparison of fractional CaZ+ currents and K, constants, however, reveals that Ca*+ selectivity is in fact lowest in the rod CNG channel, which displays the highest binding affinity for Ca2+. Our results therefore suggest that a high fractional Ca'+ current, i.e., a high Ca*+ selectivity, is achieved by intrapore binding sites of moderate Ca'+ affinity (-50-500 PM) that require lower [Ca2+] , to knock off the Ca'+ already bound inside the pore.
Experimental Procedures Heterologous
Expression of CNG Channels Expression of cloned cDNAs encoding brCNGC, bcCNGC, or boCNGC in Xenopus oocytes or HEK 293 cells was exactly as previously described (Baumann et al., 1994) . For transient expression in HEK 293 cells, cDNAs of CNG channels were inserted into pcDNAl (Invitrogen), either containing 5' and 3' untranslated sequences (brCNGC; E. Eismann, unpublished data) or containing a Kozak consensus sequence 5'lo the initiating methionine without further flanking sequences (bcCNGC; Weyand et al., 1994; boCNGC; F. Gotzes, unpublished data) . cDNAs for a,, al, and p subunits of the Bill Ca2+ channel from rabbit brain were cloned into the pKCR vector (Fujita et al., 1993) .
Determination
of Relative Ca*+ and Mg" Permeability To measure the relativeCa2+ and Mg2+permeabilityof CNG channels in inside-out patches of Xenopus oocytes, endogeneous Ca*+-dependent Cl currents were eliminated by substituting gluconate for Cl-. An intrapipette salt bridge (Baumann et al., 1994) was used to shield the AglAgCl electrode from the Cl--free solution. The electrode tip solution contained 100 mM K+-gluconate, 5 mM HEPES, and 5 mM EGTA (pH 7.2, adjusted with N-methyl-D-glucamine (NMDG]). The perfusion solution was either identical to the pipette solution or contained 50 mM CaZ+-gluconate and IO mM HEPES (pH 7.2, adjusted with NMDG) or 50 mM Mg*+-gluconate, 10 mM HEPES, and 0.5 mM EGTA (pH 7.2, adjusted with NMDG). For measurements on membranes of HEK 293 cells, the respective chloride salts were used without the intrapipette salt bridge. Leak currents In the absence of cGMP were subtracted from currents measured in the same perfusion solution in the presence of 1 mM cGMP, to yield the currents mediated by the CNG channel alone. Treatments of liquid junction potentials and ion activities were as described (Baumann et al., 1994) . Relative ion permeabilities were calculated according to Hille (1992) . Pipette offset was corrected in symmetrical solutions containing saturating cGMP concentrations.
Blockage of CNG Channels by Extracellular
Divalent Cations The effects of extracellular Ca2' and Mg2+ on the K'current were studied in outside-out patches from Xenopus oocytes as described (Baumann et al., 1994) . Solutions on both sides of the patches contained 125 mM KCI, 25 mM KOH, 10 mM HEPES, and 10 mM EGTA (pH 7.4). The pipette solution contained 1 mM cGMP. CaCl? and MgGI, were added to the extracellular solution to give the indicated free concentrations of divalent cations. The free Ca*' concentration in Ca" buffers made with EGTA was calculated according to Fabiato (1966) using the association constants from Martell and Smith (1974) . The free Ca2+ concentration of the solutions was determined with a CaZ'-sensitive electrode (KwikCal, World Precision Instruments, Germany). The electrode was calibrated with a set of Ca2+ buffers described by Tsien and Rink (1980) . Blockage data were fitted to the Hill equation for each experiment separately. Mean values of K, and the Hill coefficient were used to construct the l/l,, versus [Cap+] , and K, versus V, curves displayed in Figure 3 .
Measurement
of the Fractional Cal+ Current Carried by CNG Channels A method has been reported recently that allows the determination of the contribution of Ca2+ current (lc.) to the total current (IT = ICa + I., where I,., is the monovalent current) flowing through neurotransmitter-gated ion channels (Schneggenburger et al., 1993; Zhou and Neher, 1993) . This so-called fractional Ca*' current, designated P,, IS defined as ICa P,=k or ~ Ica + Ihl (1).
Determinatron of PI requires combined Ca" measurements with the fluorescent dye Fura 2 and whole-cell current recordings. Here we describe a modification of this method that allows measurement of P, in CNG channels heterologously expressed in HEK 293 cells, A microphotometric system (PhoCal, Life Science Resources, Cambridge, England) was used to record fluorescence signals. Excitation light was filtered at 380 f 5 nm and was attenuated with neutral density filters to minimrze dye bleaching. Emission light was filtered at 510 nm. Fluorescence signals recorded from single cells were normalrzed to the intensity of fluorescent microbeads (Fluoresbrite carboxy BB 4.5 urn; lot 431612, Polysciences, Inc., Warrington, PA). The mean fluorescence of 10 microbeads was defined as 1 bead unit (BU) and was measured on the day of each experiment, This normalizatron accounts for fluctuations of light intensity and allows comparison of results obtarned under different experimental conditions. Simultaneously with the Fura 2 signal, membrane current was recorded in the whole-cell configuration (open pipette resistance = 5-7 MQ; membrane voltage = ~70 mV). The pipette solution contained 145 mM KCI, 8 mM NaCI. 1 mM MgCI,, 2 mM Mg-ATP, 0.3 mM GTP, 10 mM HEPES, 0.02 mM EGTA, 1 mM Fura 2-Ks, and 1 mM 8BrcGMP (pH 7.4, adjusted wrth NaOH). The extracellular solution contained 120 mM NaCI, 3 mM KCI, 10 mM MgCl*, 50 mM glucose, 10 mM HEPES (pH 7.4) and Car% as indicated. Equilibration between pipettesolution and the cytoplasm (1 O-l 5 min) was monitored by the increase in Fura 2 fluorescence. During equilrbration, CNG channels were progressively activated by 8BrcGMP from the pipette solution. To inhibit BBrcGMPinduced currents, 10 mM Mg2+ was included in the extracellular medium, which blocked CNG channels. Only very small increases in current were observed in the presence of Mg 2+, indicating that blockage was virtually complete. By removal of Mg2', CNG channels became unblocked, and a current developed that was carried by both Na' and Ca". The fluorescence (Fm) changed simultaneously owing to Ca" entry through CNG channels.
The fractional Ca2* current was determrned using the ratro of the decrement in the fluorescence change (AF& and the time integral of the current (Il,dt) according to Schneggenburger et al. (1993): (2).
The current integral represents the amount of charge flowing through CNG channels. To illustrate thetemporal relation of the signals, current and fluorescence recordings are shown together (see Figure 4A ). If CaZ' entersthe cell only through CNG channels, and if no Ca2+ sources or sinks other than IT contrrbute to the fluorescence change, the two srgnals are proportional (equation 2) (Schneggenburger et al., 1993) . Superrmposition of -Fm and -jlrdt (see Figure 4A , dotted line) shows a linear relation only within the time segment indicated by the two vertical lines. At later times, this proportionality disappears, probably because slow transport by a Na+/Ca*+ exchanger or Ca*+ pump removes Ca2+ from the cytosol (Neher and Augustine, 1992; Schneggenburger et al., 1993) . The free [Cap*], as determined in some experiments from the Fm:Fm ratio was <O.l uM at the start and <I uM at the end of each experiment. Therefore, nonproportionality of current and fluorescence signals at later times does not result from saturation of the dye with Ca*+. When [MgZ+] , was stepped from 10 mM to 0.1, 0.3, 1, and 3 mM, similar f values were obtained. This result shows that the proportionality constant f does not significantly depend on [WT'I,. P, values can be determined from f provided the relation is known between Ca*+ current (Ice) and the resulting change in FM. This relation can be assessed if IT is a pure Ca" current, i.e., if IT = ICa, with the proportionality constant f assuming a maximum value f,,:
f ",ax = s We determined f,, using voltage-gated Ca2+ channels, where IT = ICa. HEK 293 cells were transfected with cDNAs encoding the a,, a2, and 6 subunits of the o-conotoxin-sensitive N-type Ca*+ channel from rabbit brain (8111 Ca" channels; Fujita et al., 1993) . Transfected cells displayed voltage-activated currents characteristic of Bill Ca2+ channels as described by Fujita et al. (1993) (see Figure 48 , closed circles). Mock-transfected cells did not show any voltage-activated currents under the same recording conditions (see Figure 48 , open circles). The pipette solution contained 130 mM CsCI, 20 mM TEA-Cl, 10 mM HEPES, 2 mM Na2-ATP, 2 mM MgCI,, 0.2 mM GTP, 1 mM Fura 2-KS, and 0.02 mM EGTA (pH 7.4, adjusted with NaOH). The extracellular solution contained 120 mM NaCI, 3 mM KCI, 2 mM Car& 1 mM MgCI,, 10 mM TEA-Cl, and 10 mM HEPES (pH 7.4, adjusted with NaOH). Simultaneous fluorescence and current recordings from Blrl Ca" channels were obtained by stepping the membrane voltage from -80 to +20 mV for 800 ms (see Figure 4C ). Superimposition of +dt and pF380 shows that the signals were strictly proportional during the voltage pulse.
The f,,, value measured in this way was 26.9 x 10m3 f 3.2 x 10 ' BU/pC (n = 13), which is a characteristic constant of our experimental setup. f,., did not increase when the Fura 2 concentration in the pipette was increased from 1 to 2 mM (see Figure 4D ), indicating that the Ca2' buffering capacity of 1 mM Fura 2 is sufficrent to capture almost all the Ca2+ entering the cell (Neher and Augustine, 1992) . Using f,, derived from Bill Ca*+ channels and the value off derrved from CNG channels, P, can be calculated. By combining equations 2 and 3, we obtain f Ilcadt -=-f ,nal jlrdt Under our expenmental condrtions, I& = Ilcadt/)lrdt, and therefore Pi = + ",a" 
